• Exosomes from cervical cancer cell lines with integrated HPV promote neurite outgrowth of PC12 cells.
Introduction
Cervical cancer, the second most common cancer in women worldwide, accounts for an estimated 260,000 deaths annually [1] . Nearly all cases of cervical cancer are associated with human papillomavirus progression and identification of new targets to better treat established disease.
The organ-like nature of solid tumors is increasingly appreciated. Complex webs of interactions between tumor cells, non-tumor cells, and non-cellular components that comprise the tumor microenvironment cumulatively define the physiologic behavior of the cancer as a whole. A thorough mapping of the cell types present and, critically, an understanding of their unique roles in tumor biology will provide new opportunities for therapeutic intervention. Interestingly, tumor innervation is associated with worse clinical outcomes in several solid cancers [4] [5] [6] , emphasizing nerves as microenvironmental factors that may contribute to tumor progression. It is important to note the distinction between innervation and the more commonly recognized perineural invasion. While the latter refers to the phenomenon of tumor cell invasion into and along the perineural sheath of nerve bundles, the former refers to the infiltration of nerves into the tumor parenchyma. Evidence suggests that tumor innervation is an active process driven, at least in part, by tumor cell-mediated recruitment of nearby nerves [7, 8] . Recently, our laboratory identified sensory innervation in head and neck squamous cell carcinoma (HNSCC) and showed that HNSCCreleased exosomes, small extracellular vesicles that carry diverse cargo, promote neurite outgrowth and tumor innervation [9] . Interestingly, this effect appeared to be associated with exosomes derived from HPV-positive HNSCC cells [9] . These findings suggest that HPVmediated cellular changes may confer exosomes with an enhanced ability to stimulate neurite outgrowth.
In light of these findings, we hypothesized that, given the near universal association with HPV, cervical cancer would exhibit a similar phenomenon. Here, as with HNSCC, we characterized cervical cancer innervation as sensory in nature by immunohistochemistry. Additionally, we identified neuritogenic activity in exosomes derived from cervical cancer cell lines. These data suggest that cervical cancers are innervated and that tumor released exosomes mediate this innervation.
Materials and methods

Cell culture
Caski, SiHa, and HeLa cells were a generous gift from Dr. Aloysius Klingelhutz (University of Iowa) and maintained in DMEM (Corning, #10-017-CV) supplemented with 10% fetal bovine serum (FBS; HyClone, #SH3039.03) and 1% penicillin/streptomycin solution (Corning, #30-002-CI). The isogenic pair of cell lines, C66-7 and C66-3, were a generous gift from Dr. John H. Lee (NantKwest). Both cell lines were generated from primary, HPV negative cervical keratinocytes from the same patient which were transduced with Ad/Cre and Ad/ HPV16/eGFP; the generation of these cell lines and their characterization was published by Lee et al [10] . Both of these cell lines were maintained in E-medium: 3:1 ratio of DMEM:Ham's F12 nutrient mixture (Corning, #10-080-CV), supplemented with 10% FBS, 1% penicillin/ streptomycin, 0.5 μg/mL hydrocortisone, 5 μg/mL transferrin, 5 μg/mL insulin, 1.36 ng/mL tri-iodo-thyronine, and 5 ng/mL epidermal growth factor. PC12 cells were purchased from ATCC and maintained in DMEM supplemented with 10% horse serum (Gibco, #26050-088), 5% FBS, and 1% penicillin/streptomycin. All cells were maintained with humidified 37°C in 5% CO 2 incubator.
Human samples
De-identified normal cervix (n = 10) and cervical cancer (n = 30) cases were obtained with IRB approval from the Ovarian Cancer Research Center BioTrust Collection at the University of Pennsylvania (https://www.med.upenn.edu/OCRCBioTrust/). All cancer cases were verified by a pathologist (LES) and were treatment naïve. Unstained sections were cut at 5 um and shipped to Sanford Research for immunohistochemical staining.
Immunohistochemistry
None of the tissues in this study were associated with protected human information (PHI) and were originally collected for other purposes. Thus, our experiments were exempt from Institutional Review Board approval. Tissues were stained using a BenchMark XT slide staining system (Ventana Medical Systems, Inc.). The Ventana iView DAB detection kit was used as the chromogen and slides were counterstained with hematoxylin. Antibodies used for staining were: anti-β-III tubulin (Abcam, ab78078; 1:250); anti-tyrosine hydroxylase (Abcam, ab112; 1:750); anti-VIP (Abcam, ab22736; 1:100); anti-TRPV1 (Alomone, ACC-030; 1:100). H&E staining followed standard procedures.
Scoring of IHC stained samples
An unbiased scoring system was established as follows. β-III tubulin and TRPV1 IHC stained human samples were analyzed on an Olympus BX51 bright field microscope. We did not score TH or VIP staining as these were largely negative in normal cervix and cervical cancer specimens. Sections were viewed under 20× magnification. Five random fields/sample were analyzed and scored. Three independent evaluators (MM, CTL, PDV) scored all samples. Scores were averaged. A score of 0 indicates no staining in the evaluated field; +1 indicates 0-10% staining; +2 indicates 30-50% staining; +3 indicates N50% staining.
Immunofluorescence
Formalin fixed paraffin-embedded sections were de-paraffinized and rehydrated as follows: 100% Histo-Clear (National Diagnostics) for 5 min, 100% ethanol for 1 min, 90% ethanol for 1 min, 70% ethanol for 1 min and finally in PBS for 1 min. Before immunofluorescent staining, an antigen retrieval step was performed by incubating sections in 10 mM Sodium Citrate Buffer (10 mM Sodium Citrate Buffer, 0.05% Tween 20, pH 6.0) at 95°C for 1 h. After cooling to room temperature for 30 min, slides were washed with PBS and blocked in blocking buffer (1X PBS, 10% goat serum, 0.5% TX-100, 1% BSA) for 1 h at room temperature. Sections were incubated with primary antibodies overnight at +4°C. β-III tubulin antibody (Abcam, cat# 78078) was used at a dilution of 1:250, while anti-TRPV1 antibody (Alomone labs, cat# ACC-030) was used at 1:100 dilution. Slides were washed three times in PBS for 5 min each and incubated in secondary antibodies and Hoescht (1:10000, Invitrogen) at room temperature. Slides were washed three times in PBS for 5 min each and coverslips were mounted by using Faramount Mounting media (Dako). Immunostained sections were analyzed on an Olympus FV1000 confocal microscope equipped with a laser scanning fluorescence and a 12 bit camera. Images were taken using a 60× oil PlanApo objective (with and without zoom feature).
Exosome isolation, quantification, and validation
Exosome isolation followed our previously described protocol [9] . Briefly, cells were seeded on two 150 mm plates per cell line with 8 mL of DMEM with 10% exosome-depleted FBS (Gibco, #A27208-01) and 1% penicillin/streptomycin. 48-h later, conditioned medium was collected, pooled, and exosomes were purified by differential ultracentrifugation as follows. Conditioned medium was centrifuged at 300 x g for 10 min at 4°C to pellet cells. The resulting supernatant was transferred to new tubes and centrifuged at 2,000 x g for 10 min at 4°C. Supernatant was again transferred to new tubes and centrifuged at 10,000 x g for 30 min at 4°C. The supernatant from this spin was transferred to sterile PBS-rinsed ultracentrifuge tubes and centrifuged at 100,000 x g for 120 min at 4°C in a SureSpin 630/17 rotor (Sorvall). The resulting exosome pellet was washed in sterile PBS, and re-centrifuged at 100,00 ×g for 120 min. The final pellet was re-suspended in 400 μL sterile PBS. Exosomes were stored at −20°C in 50 μL aliquots.
Exosome protein concentration was quantified using a modified BCA protein assay (Thermo Fisher Scientific) as previously described [9] . 50 μL of purified exosomes was mixed with 5 μL of 10% TX-100 (Thermo Fisher Scientific), and incubated at room temperature for 10 min. BCA assay proceeded with a sample-to-working reagent ratio of 1:11. Samples were incubated for 1 h at 37°C and absorbance was measured at 562 nm using a SpectraMax Plus 384. Protein concentration was estimated using a quartic model fit to the standard curve.
The presence of exosomes was validated via western blot analyses of the exosomal markers CD9 and CD81. Equal total protein (~1.5 μg) was separated by SDS-PAGE, transferred to PVDF membranes (Immobilon-P, Millipore), and blocked with 5% bovine albumin (Affymetrix/USB, Thermo Fisher Scientific, #AAJ10857A1). Membranes were washed in TTBS (0.05% Tween-20, 1.37 M NaCl, 27 mM KCl, 25 mM Tris Base). Primary antibodies used for western blot were: anti-CD81 (Santa Cruz, sc166029; 1:100 in TTBS, overnight at 4°C) and anti-CD9 (Abcam, ab92726; 1:350 in TTBS, overnight at 4°C). After washing, membranes were incubated with HRP-conjugated secondary antibodies (1:5,000 in TTBS) for 1 h. Following another wash in TTBS, membranes were incubated with chemiluminescent substrate (SuperSignal West Pico, Thermo Fisher Scientific) and imaged using a UVP GelDocIt 310 imaging system equipped with a high resolution 2.0 GelCam 310 CCD camera.
PC12 neurite outgrowth assay
PC12 cells were seeded on collagen-coated (collagen type VI, Sigma-Aldrich, C5533) 96-well, optical-bottom, flat-bottom black plates (Thermo Fisher Scientific) and grown in DMEM containing 1% horse serum, 0.5% FBS, and 1% penicillin/streptomycin. PC12 cells were seeded at a density of 15,000 cells per well. After seeding, PC12 cells were incubated at room temperature for 20 min to allow for an even distribution and adherence of cells. PC12 cells were then stimulated with 3 μg of exosomes and returned to the incubator. Cells used as positive controls were stimulated with recombinant NGF (Abcam, ab179616, final concentration of 50 ng/uL) while unstimulated cells (PBS alone) served as the negative controls. All cells were maintained under these treatments for 72 h in a humidified incubator set at 37°C with 5% CO 2 . For all conditions, serum concentrations were adjusted to achieve final concentrations of 1% horse serum and 0.5% FBS. After 72 h of treatment, cells were fixed with 4% paraformaldehyde, then blocked and permeabilized by incubating in a solution containing 3% donkey serum, 1% bovine serum albumin, and 0.5% TX-100 for 30 min at room temperature. Cells were washed with PBS prior to incubation with an anti-β-III tubulin antibody (Millipore, AB9354; 1:1,500 in the blocking solution above) for 48 h at 4°C. Cells were washed again with PBS, prior to incubation with an anti-chicken 488 antibody (Invitrogen, A11039; 1:2000 in blocking solution above) and Hoechst 33342 (1:2000) for 1 h at room temperature. Cells were washed with PBS and 100 μL fresh PBS was added to prevent drying. Neurite quantification was performed on the Cell-Insight CX7 HCS (Thermo Fisher Scientific) using the Cellomics Scan Software's (Version 6.6.0, Thermo Fisher Scientific) Neuronal Profiling Bioapplication (Version 4.2). 25 fields were imaged in each well with a 10× objective with 2 × 2 binning. Nuclei were identified by Hoechstpositive staining, while cell bodies and neurites were identified by β-III tubulin-positive staining. Neurons were identified as those cells with a Hoechst-positive nucleus and β-III tubulin-positive cell body. Neurites longer than 20 μm were included in the analysis. Data are represented as fold induction of neurite outgrowth over negative control (PBS alone).
Results
Neuronal markers in cervical cancer
Recently, our laboratory investigated the presence of nerves within HNSCC patient samples via immunohistochemistry [9] . Consistently, we observed the intra-tumoral presence of the pan-neuronal marker, β-III tubulin, suggesting that HNSCCs are innervated [9] . For further characterization, we stained samples for tyrosine hydroxylase (TH), a marker of sympathetic nerves; vasoactive intestinal polypeptide (VIP), a marker of parasympathetic nerves; and transient receptor potential vanilloid type 1 channel (TRPV1), a marker of nociceptive sensory nerves. Notably, HNSCC tumors were consistently negative for TH and VIP, but positive for TRPV1, suggesting the presence of sensory innervation, as opposed to autonomic [9] . As the majority of cervical cancers are also squamous cell carcinomas [11] and share a common causal agent, HPV, with a growing subset of HNSCC [12] , we hypothesized that our findings would extend to this tumor type. We first investigated the innervation of normal cervical tissue (n = 10 samples). Consistent with the published literature, we found single, β-III tubulin positive nerves scattered throughout the stroma but not crossing into the squamous epithelium proper (Fig. 1A, B) [13] . While sparse VIP positive fibers were present in a few specimens, the majority were largely negative for VIP as well as TH. (Fig. 1C, D) . A few sparse fibers were positive for TRPV1 (Fig. 1C) .
Squamous carcinoma of the cervix emerges via a step-wise progression from HPV infection to cervical intraepithelial neoplasia (CIN, stages 1-3) and finally to invasive carcinoma [14] . While the distinction between the stroma and the overlying squamous epithelium is clear in the normal cervix (Fig. 1A-E ) and retained in CIN 1, 2 and 3, it becomes blurred in invasive carcinoma where increased expression/function of proteases degrade the basement membrane, allowing for tumor invasion into the underlying stroma and beyond [15] . As such, immunohistochemical staining of cervical cancer cases for neuronal markers predominantly represents a mixture of cancer cells and stromal fibroblasts. All cervical cancer samples analyzed (n = 30) demonstrated variable β-III tubulin expression and (Fig. 1G , inset at higher magnification) were also TRPV1 positive (Fig. 1H , inset at higher magnification) but negative for TH and VIP (Fig. 1I,J) . These data indicate that cervical cancers contain sensory nerves. Fig. 1K and L show cervical cancer cases with more robust β-III tubulin and TRPV1 immunostaining, respectively.
To determine if the extent of innervation changes with carcinogenesis, sensory innervation (β-III tubulin and TRPV1) in normal cervix and cervical carcinoma cases was scored as described in the Methods section. Interestingly, average scores across groups indicated that the normal cervix is significantly more innervated (based on β-III tubulin IHC) than cervical carcinoma (p = 3.98 × 10
) yet contained significantly less TRPV1 staining (p = 2.9 × 10 −39 ) (Fig. 2) . When analyzed on a per sample basis, 35% of normal cervix samples had a β-III tubulin staining score of less than one, while 65% of samples had scores greater than one. The carcinoma cases were almost evenly divided between those scoring less than one and those scoring greater than one for β-III tubulin staining. Interestingly, while very few (7%) of the normal cervix samples had a TRPV1 score greater than one, 73% of the cervical cancer cases did (Table 1 ). These data indicate that innervation changes do indeed occur in the cervix during carcinogenesis.
To further demonstrate this innervation, we immunofluorescently stained cervical cancer cases for β-III tubulin (green) and TRPV1 (red) (Fig. 3) . In all samples, there was clear co-localization of these neuronal markers (evidenced by yellow in the merged panel) further supporting the IHC data that cervical carcinomas are innervated with TRPV1 positive sensory nerves.
Cervical cancer-derived exosomes induce neurite outgrowth
To test our hypothesis that cervical cancer-released exosomes promote tumor innervation, we isolated exosomes from several cervical cancer cell lines: Caski (strain: HPV 16; physical state of HPV DNA: integrated), HeLa (HPV18; integrated), SiHa (HPV16; integrated), C66-3 (HPV16; integrated), and C66-7 (HPV16, episomal) [10] . Importantly, C66-3 and C66-7 are isogenic pairs that differ only by the integrated status of HPV. To investigate the ability of cervical cancer exosomes to induce neurite outgrowth, we utilized PC12 cells as surrogates for this activity. A pheochromocytoma-derived cell line, PC12 cells are commonly used to assess neuritogenic activity [16] . With appropriate stimulation, e.g. nerve growth factor (NGF), PC12 cells reliably extend neurites. In the absence of such stimuli, they display a paucity of neurites. For our experiment, PC12 cells were incubated for 72-hours in the presence of exosomes purified from the conditioned media of the various cervical cancer cell lines. NGF (50 ng/μL) and PBS were used as positive and negative controls, respectively. Following incubation, PC12 cells were fixed and fluorescently labeled for the neuronal marker, β-III tubulin (representative images, Fig. 4A ). β-III tubulin positive neurites were quantified using an automated platform as described in Methods. We observed consistent neurite outgrowth activity in exosomes from all cervical cancer cell lines, with the notable exception of exosomes derived from C66-7 cells, the lone cell line with episomal rather than integrated HPV (Fig. 4A, B) . Western blot analysis of exosomes for CD9 and CD81, exosomal markers, confirmed the purity of the exosomes utilized in this assay (Fig. 4C ).
Discussion
In this study, we show the presence of sensory nerves within human cervical cancer specimens and, importantly, suggest a tumor-dependent exosome-mediated mechanism that may allow cervical carcinomas to induce their own innervation. Clinically, the extent of tumor innervation is inversely associated with patient prognosis in several different cancers [4] [5] [6] . If a similar phenomenon occurs in cervical cancer, tumorassociated nerves and/or the process of exosome-mediated innervation may represent worthy therapeutic targets to improve outcomes in this patient population. Interestingly, our data show that β-III tubulin positive nerves are present in the stroma of the normal cervix. This localization suggests that tumor released exosomes diffuse locoregionally, acting upon these nerves and promoting their extension towards the tumor parenchyma.
Our data also suggest that carcinogenesis alters cervical innervation. Interestingly, expression of β-III tubulin significantly decreases with carcinoma while that of TRPV1 significantly increases. At first blush, these data appear contradictory. How can there be more sensory innervation (TRPV1) when there are less nerves (β-III tubulin) present? Work by Shen and Yu sheds light on this conundrum. They found that hypoxia decreases expression of β-III tubulin and results in abnormal neuronal morphology [17] . These findings are not limited to the central nervous system but extend into the peripheral nervous system [18] . The hypoxic tumor microenvironment mediates many cellular changes in gene expression, signaling, metabolism, and angiogenesis [19] [20] [21] [22] . Thus, decreased IHC for β-III tubulin may reflect its decreased expression under hypoxic conditions present in cervical carcinomas; such a decrease may be beyond the limit of detection by IHC. Moreover, similar to angiogenic cancer associated blood vessels which are leaky, tortuous and abnormal, tumor-infiltrating nerves may be equally atypical, morphologically and structurally irregular, expressing low β-III tubulin and high TRPV1. Given that during development blood vessels and nerves follow parallel trajectories, a similarity in their phenotypes during carcinogenesis may not be so surprising. Moreover, the overwhelming majority of patients with cervical cancer present with significant pain [23] . Our finding of significantly increased TRPV1 (a sensory nerve marker) expression with carcinogenesis is consistent with these clinical data.
Though beyond the scope of this work, future studies should include investigating the function of tumor-associated sensory nerves. In this regard, several notable, perhaps cooperative, phenomena may be at play. Most simply, locally-acting sensory nerve-released factors, e.g. substance P, may directly promote tumorigenic processes such as proliferation and survival as has been suggested in other cancers [24, 25] . Additionally, a neuro-immune reflex arc has been described whereby activation of afferent sensory nerves by various inflammatory cytokines can modulate local or systemic immunity via the activity of efferent nerves [26, 27] . Thus, it is possible that sensory innervation is indirectly tumorigenic via modulation of local or systemic anti-tumor immunity. Interestingly, immunotherapies like pembrolizumab (anti-PD1) are demonstrating promise for patients with advanced metastatic cervical cancer [28, 29] . These positive responses indicate the presence of immune suppression that can be overcome with immunotherapy. The predominating rationale for testing immunotherapy in cervical cancer focuses on the role of the HPV virus in oncogenesis as viral antigens activate an immune response that can be boosted with immunotherapeutic approaches. If sensory innervation of cervical cancer modulates antitumor immunity, promoting immune suppression, our findings would not only provide additional support for the utility of immunotherapies in this setting but would also contribute a novel mechanistic understanding of their efficacy.
Interestingly, while further investigation is clearly warranted, the data suggest that the phenomenon of cervical cancer-derived exosome-mediated neurite outgrowth may be dependent on the integration status of HPV. Recent studies indicate that upwards of 80% of all HPV-positive cervical cancers show evidence of HPV DNA integration into the host genome [30, 31] . Moreover, several studies have noted worse clinical outcomes in patients with integrated HPV, suggesting prognostic value [31, 32] . In light of the data presented here, it remains possible that potentiation of exosome-mediated innervation contributes to poor prognosis in this patient population. Integration of HPV DNA is associated with dysregulation of viral oncogene expression and disruption of the host genome at the site of integration, occasionally altering the expression of oncogenes or tumor suppressor genes [33] , either or both of which could alter the content and/or function of exosomes. Indeed, silencing of the HPV viral oncogenes E6 and E7 in HeLa cells significantly alters both exosome content and release [34, 35] . Thus, the role of HPV integration in exosome-mediated neurite outgrowth merits significant consideration moving forward.
